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ABSTRACT
The dilepton production process at hadron colliders in the Randall-Sundrum (RS)
model is studied at next-to-leading order in QCD. The NLO-QCD corrections have
been computed for the virtual graviton exchange process in the RS model, in addi-
tion to the usual γ, Z-mediated processes of standard Drell-Yan. K-factors for the
cross-sections at the LHC and Tevatron for differential in the invariant mass, Q, and
the rapidity, Y , of the lepton pair are presented. We find theK-factors are large over
substantial regions of the phase space.
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In brane-world models, the four dimensional universe is a dynamical hypersurface:
a D3-brane (or 3-brane) existing in a higher dimensional spacetime. In many such
models, the Standard Model (SM) fields are localized on the brane and only gravity
can propagate in the bulk. The scale of quantum gravity can be lowered down from
the Planck scale to the TeV scale in these models [1] making it exciting for high-
energy physics not only because these suggest fresh perspectives to the solution
of the hierarchy problem but also because these models throw open the possibil-
ity of the discovery of new physics at energies accessible to collider experiments.
In addition, these models provide new frameworks for gauge symmetry and super-
symmetry breaking and suggest theoretical approaches to the cosmological constant
problem and dark-matter problem.
The simplest model seeking to address the gauge hierarchy problem was the
the ADD model proposed by Arkani-Hamed, Dimopoulos and Dvali [2], where,
starting from a higher dimensional theory, an effective four-dimensional theory at a
scaleMS ∼ TeV is obtained. This is done by compactifying the extra dimensions to
magnitudes which are large compared to the Planck length [3].
The main problem that one faces within the ADD model is the reappearance
of disparate scales viz., the string scale and the inverse of the compactification ra-
dius. It was an attempt to avoid this problem that led to the formulation of the
Randall-Sundrum (RS) model [4]. In the RS model the single extra dimension φ is
compactified on a S1/Z2 orbifold with a radius Rc which is somewhat larger than
the Planck length. Two 3-branes, the Planck brane and the TeV brane, are located
at the orbifold fixed points φ = 0, pi, with the SM fields localised on the TeV brane.
The five-dimensional metric, which is non-factorisable or warped is of the form
ds2 = e−KRcφηµνdx
µdxν + R2cdφ
2. (1)
The exponential warp factor e−KRcφ serves as a conformal factor for fields localised
on the brane. Thus the huge ratio MP
MEW
∼ 1015 can be generated by the exponentKRc
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which needs to be only of O(10) thereby providing a way of avoiding the hierarchy
problem. There remains the problems of stabilisingRc against quantum fluctuations
but this can be done by introducing an extra scalar field in the bulk [5, 6].
The tower of massive Kaluza-Klein (KK) excitations of the graviton, h(~n)µν , interact
with the SM particles by:
Lint ∼ − 1
MP
T µν(x)h(0)µν (x)−
eπKRc
MP
∞∑
1
T µν(x)h(n)µν (x) . (2)
T µν is the symmetric energy-momentum tensor for the particles on the 3-brane. The
masses of the h(~n)µν are given by
Mn = xnK e−πKRc , (3)
where the xn are the zeros of the Bessel function J1(x). The zero-mode couples
weakly and decouples but the couplings of the massive RS gravitons are enhanced
by the exponential eπKRc leading to interactions of electroweak strength. Conse-
quently, except for the overall warp factor in the RS case, the Feynman rules in the
RS model are the same as those for the ADD case [7, 8].
The basic parameters of the RS model are
m0 = Ke−πKRc ,
c0 = K/MP , (4)
where m0 is a scale of the dimension of mass and sets the scale for the masses of
the KK excitations, and c0 is an effective coupling. The interaction of massive KK
gravitons with the SM fields can be written as
Lint ∼ − c0
m0
∞∑
n
T µν(x)h(n)µν (x) . (5)
Since K is related to the curvature of the fifth dimension we need to restrict it to
small enough values to avoid effects of strong curvature. On the other hand K
2
should not be too small compared to MP because that would reintroduce a hierar-
chy. These considerations suggest 0.01 ≤ c0 ≤ 0.1. For our analysis we choose to
work with the RS parameters c0 andM1 the first excited mode of the graviton rather
thenm0.
The decoupling of the graviton zero-mode and the existence of a mass gap in the
spectrum of KK gravitons imply that it is only the resonant production and decay
of the heavier KK modes or the virtual effects of the KK modes that one can hope to
detect in collider experiments. The phenomenology of resonant production of the
KK excitations and the virtual effects have already been studied in processes like
dilepton production [9], diphoton production [10], tt¯ production at hadron colliders
[11], τ -production at a linear collider [12] and pair production of KK modes in e+e−
and hadron hadron colliders [13]. The sensitivity of the CMS experiment to the
resonant production of RS graviton KK modes has been studied for electron pair
production [14]. Recently DØ has reported the first direct search for RS graviton
KK modes using dielectron, dimuon, and diphoton events [15].
In an earlier work we had presented NLO-QCD corrections for e+e− → hadrons
[16] and dilepton pair production at hadron colliders [17] in the ADDmodel. These
results for the dilepton pair production case are extended to the RS model, in this
paper. We note that it is the same virtual graviton exchange process that contributes
to dilepton production in both the ADD and RS models. The leading order process
being the same, the QCD corrections are also not model-dependent. However, as
explained above, the differences between the two models arise because of the dif-
ference in the summation over the tower of KK gravitons and also in the overall
factors. Consequently, the relative weight of the subprocess cross-section due to
graviton exchange vis-a-vis the SM subprocess will be different in the two models.
This results in differentK-factors in the ADD and RSmodels and the dependence of
the K-factors on the kinematic variables are also different. In this letter, we present
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the results for dilepton production at the LHC and Tevatron in the RS model.
The process we are interested in is where two hadrons P1, P2 scatter and give
rise to leptonic final states, say µ+, µ−
P1(p1) + P2(p2)→ µ+(l1) + µ−(l2) +X(PX) , (6)
where p1, p2 are themomenta of incoming hadrons P1 and P2 respectively and µ
−, µ+
are the outgoing leptons which have the momenta l1, l2. The final inclusive hadronic
state is denoted byX and carries the momentum PX . The hadronic cross section can
be expressed in terms of partonic cross sections convoluted with appropriate parton
distribution functions as follows
2S
dσP1P2
dQ2
(
τ, Q2
)
=
∑
ab=q,q,g
∫ 1
0
dx1
∫ 1
0
dx2 f
P1
a (x1) f
P2
b (x2)
×
∫ 1
0
dz 2sˆ
dσˆab
dQ2
(
z, Q2
)
δ(τ − zx1x2) . (7)
The scaling variables are defined by k1 = x1p1, k2 = x2p2 where k1, k2 are the mo-
menta of incoming partons.
(p1 + p2)
2 ≡ S, (k1 + k2)2 ≡ sˆ, (l1 + l2)2 = q.q ≡ Q2,
τ =
Q2
S
, z =
Q2
sˆ
, τ = x1x2z . (8)
The partonic cross section for the process a(k1)+b(k2)→ j(−q)+
m∑
i
Xi(−pi) is given
by
2sˆ
dσˆab
dQ2
=
1
2pi
∑
jj′=γ,Z,G
∫
dPSm+1 |Mab→jj′|2 · Pj(q) · P ∗j′(q) · Ljj
′→l+l−(q) . (9)
In the above equation, the sum over Lorentz indices betweenmatrix element squared
and the propagators is implicit through a symbol “dot product”. The m + 1 body
phase space is defined as
∫
dPSm+1 =
∫ m∏
i
(
dnpi
(2pi)n
2piδ+(p2i )
)
dnq
(2pi)n
2piδ+(q2 −Q2)
4
×(2pi)nδ(n)(k1 + k2 + q +
m∑
i
pi) , (10)
where n is the space-time dimension. The propagators are
Pγ(q) = − i
Q2
gµν , (11)
PZ(q) = − i
(Q2 −M2Z − iMZΓZ)
gµν , (12)
PG(q) = D(Q2)Bµνλρ(q) , (13)
where
Bµνρσ(q) =
(
gµρ − qµqρ
Mn
2
)(
gνσ − qνqσ
Mn
2
)
+
(
gµσ − qµqσ
Mn
2
)(
gνρ − qνqρ
Mn
2
)
− 2
n− 1
(
gµν − qµqν
Mn
2
)(
gρσ − qρqσ
Mn
2
)
. (14)
The function D(Q2) in the graviton propagator Eq. (13), results from summing over
the KK modes, given by
D(Q2) =
∞∑
n=1
1
Q2 −M2n + iMnΓn
≡ λ
m20
, (15)
where Mn are the masses of the individual resonances and the Γn are the corre-
sponding widths. The graviton widths are obtained by calculating their decays into
final states involving SM particles. λ is defined as
λ(xs) =
∞∑
n=1
x2s − x2n − i Γnm0xn
x2s − x2n + Γnm0xn
, (16)
where xs = Q/m0. We have to sum over all the resonances to get the value of λ(xs).
This is done numerically and for a given value of xs, we retain all resonances which
contribute with a significance greater than one per mil, and treat the remaining KK
modes as virtual particles (in which case the sum can be done analytically).
We now present the distributions in the invariant lepton pair mass, Q, and the
rapidity of the lepton pair, Y at the LHC (
√
S = 14 TeV) and Tevatron (
√
S = 1.96
5
TeV). From these distributions the effects of the NLO-QCD corrections can be clearly
discerned. For the parton density sets we adopt in leading order (LO) MRST 2001
LO (Λ = 0.1670 GeV) and in next-to-leading order the MRST 2001 NLO (Λ = 0.2390
GeV). For LHC we choose the kinematic ranges 300 GeV < Q < 3000 GeV and
|Y | < 2.2 at Q = 1.5 TeV. For Tevatron 300 GeV < Q < 1000 GeV and |Y | < 0.9 at
Q = 300GeV. The renormalisation scale is taken to be same as the factorization scale
µF and µF si chosen to be µF = Q.
The cross-section dσ/dQ as a function of Q to NLO is presented in Fig. 1a for
LHC. For the figure, we have chosen the representative values of the RS model
parameters: M1 = 1.5 TeV the first RS resonance mass and the coupling constant
c0 = 0.01. The width of the resonance is related to c0 and hence a smaller c0 cor-
responds to a narrow resonance. The subsequent resonance are determined by m0
and xn. To LO the dilepton case has been presented in [9]. To see the effect of the
NLO effect we study the K-factor for the Q and Y distribution.
The K-factor for the invariant lepton pair mass distribution defined by
KI =
[
dσILO(Q)
dQ
]−1[
dσINLO(Q)
dQ
]
, (17)
where I = SM , I = SM + GR for both SM and gravity combined and I = GR
for only gravity. It is possible to define KGR for the invariant lepton pair mass
distribution, as there is no interference with SM [17]. The results are presented in
Fig. 1b. The parameters chosen are the same as in Fig. 1a. In order to understand
the behaviour of K-factor of the model involving both SM and gravity, it is useful
to express it as
K(SM+GR)(Q) =
KSM +KGRK(0)
1 +K(0)
, (18)
where we have introduced a quantity K(0), defined as the ratio of the LO distribu-
tion of gravity to SM, given by
K(0)(Q) =
[
dσSMLO (Q)
dQ
]−1[
dσGRLO (Q)
dQ
]
. (19)
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The behaviour ofK(0)(Q) is governed by competing couplings constants of SM and
gravity and the parton fluxes. In the RS case the gravity contribution is significant
in the resonance region, (see Fig.1a). In the off resonance region the K-factor is
hence purely KSM . In the resonance region where the gravity effect dominates the
K(SM+GR) factor shifts to theKGR value (see Fig. 1b). This behaviour of theK-factor
of the RS case is very distinct from the corresponding case we presented in the ADD
case [17]. To incorporate the NLO effects for an appropriate distribution one needs
to take into account the behaviour of the K-factor accordingly. For M1 = 300 GeV
the K-factor is about 1.5 in the resonance region. This is due to the fact that at loq
Q (Q = 300 GeV) the gluon flux becomes dominant at Tevatron. The behaviour of
KGR is the same as in the ADD case [17].
In Fig. 1c, we have plotted the scale variations of the Q distribution for both LO
and NLO cross sections. We define RI for the invariant lepton mass distribution as
RILO =
[
dσILO(Q, µ = µ0)
dQ
]−1[
dσILO(Q, µ)
dQ
]
,
RINLO =
[
dσINLO(Q, µ = µ0)
dQ
]−1[
dσINLO(Q, µ)
dQ
]
, (20)
where µ0 is a fixed scale which is chosen to be µ0 = 1.5 TeV for LHC. As can be
seen from the figure, the inclusion of the NLO corrections stabilises the cross-section
with respect to the scale µ. Here we have chosen µ0 = 1.5 TeV, ie. the first resonance
region. The scale variation is driven by the gravity part as its the dominant contri-
bution.
In Fig. 2a the double differential cross section d2σ/dQdY is displayed for rapid-
ity region |Y | ≤ 2.2 for a Q value of 1.5 TeV. To plot this distribution the Q value
is chosen such that it lies at the first resonance, where the gravity effect dominates.
Hence the dominant contribution is purely gravity. The RS model parameters re-
main the same as before. The K factor as a function of Y is plotted for a choice
of Q in the resonance region where the dominant contribution to K(SM+GR) factor
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comes from the gravity part Fig. 2b. The R ratio using the Y distribution is plotted
in Fig. 2c for the central region of rapidity and for aQ value of 1.5 TeV. In this region
the scale variation is also dictated by the gravity contribution.
The corresponding analysis for the Tevatron is done for the Q range 300 < Q <
1000 GeV and for the RS parameter M1 = 300 GeV and the coupling c0 = 0.01.
At low Q the gravity effects of the RS model is dominant in the resonance and off
the resonance region the effect is negligible. As Q increases the effect of gravity
starts to become comparable to the SM contribution as is seen towards the third
resonance in Fig. 3a. In Fig. 3b we have plotted the K-factor for Q distribution
at the Tevatron. Using Eq. (18) we can understand the behaviour of KSM+GR. As
expected the behaviour ofKGR is same as the ADD case [17]. The double differential
cross section d2σ/dQdY forQ = 300GeV is plotted as a function of rapidity Y . In the
resonance region the dominant contribution is from the RS. In contrast for ADD [17]
only at large Q the gravity effects became comparable to the SM at Tevatron. The
corresponding K-factor is plotted in Fig. 4b. Scale variation for the Q and double
differential dQdY is given in Fig. 3c and Fig. 4c respectively.
In a recent analysis by DØ [15], the LO cross section was scaled by a constant
K-factor of 1.34 to account for the NLO effect for the RS case. This does not yield
a realistic picture as can be seen from Fig. 3b. In the RS case due to the resonant
production, the K-factor is very different from the ADD case reported earlier [17].
In summary, we have presented the results for the cross-section for dilepton
production in the Randall-Sundrum model at the LHC and Tevatron. The large
incident gluon flux at the LHC makes the NLO QCD corrections very important.
Moreover, when the NLO corrections are taken into account the cross-sections are
stabilised with respect to scale variations. In order to derive robust bounds on the
RS model at the LHC using the dilepton production process, the inclusion of the
NLO QCD corrections in the cross-section is crucial.
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Figure Caption
Figure 1. (a) The cross section is plotted as a function of invariant massQ of the lep-
ton pair forM1 = 1.5 TeV at LHC. (b) The correspondingK-factor forQ distribution
SM, gravity and SM plus gravity. (c) Scale variation of the cross section at LO and
NLO as defined in Eq. (19) for Q = 1.5 TeV.
Figure 2. (a) The double differential cross section d2σ/dQdY is plotted as a function
of rapidity Y for Q = 1.5 TeV at LHC. (b) The K-factor for the distribution in (a) is
plotted for the rapidity range. (c) The scale variation of the ratio R is plotted as a
function of µ/µ0 for Y = 0.
Figure 3. (a) The cross section is plotted as a function of invariant mass Q of the
lepton pair for M1 = 300 GeV and c0 = 0.01 at the Tevatron. (b) The K-factor for
Q distribution for the same RS parameters in (a) is plotted. (c) The variation of the
cross section with respect to the scale.
Figure 4. (a) The double differential cross section d2σ/dQdY is plotted as a function
of rapidity Y for Q = 300 GeV at the Tevatron for the RS parametersM1 = 300 GeV
and c0 = 0.01. (b) The K-factor for the distribution in (a) is plotted for the rapidity
range. (c) The scale variation of the ratio R is plotted as a function of µ/µ0 for the
central rapidity region Y = 0.
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